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With  the  Law  on  Energy  and  its  acceptance  by  the  Covenant  of  Mayors,  local  authorities  in  Serbia  are 
obliged  to  prepare  action  plans  for  the  development  of  distributed  generation  and  energy  efficiency 
measures  aiming  at  reducing  C02  emissions.  The  development  of  distributed  generation  (wind, 
photovoltaic,  hydro  and  combined  heat  and  power  plant)  is  an  asset  to  the  local  authorities  wishing 
to  become  energy  independent  microgrids  that  could  relieve  the  national  transmission  grid  in  the  way  of 
reducing  amount  of  electricity  to  be  transported  from  centralized  generation  to  the  end-user.  Using  the 
simulation  tool  HOMER,  an  optimal  configuration  plan  of  the  municipal  microgrids  for  Serbia  has  been 
drawn,  in  order  to  obtain  the  lowest  total  net  present  costs  during  the  planning  period  under  various 
levels  of  C02  reduction  constraint.  The  increase  of  the  end-user  specific  costs  for  energy  has  been 
quantified  in  a  sensitivity  analysis  based  on  this  constraint  in  the  local  authority  microgrid. 
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1.  Introduction 

Local  authorities  in  Serbia  are  obliged  by  the  Law  on  Energy  to 
prepare  action  plans  for  the  development  of  distributed  generation 
and  energy  efficiency  measures  aiming  at  reducing  C02  emissions. 
The  development  of  distributed  generation  (wind,  photovoltaic, 
hydro  and  combined  heat  and  power  plant)  is  an  asset  to  the  local 
authorities  wishing  to  develope  energy  independent  microgrids 
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that  could  relieve  the  national  transmission  grid  in  the  way  of 
reducing  amount  of  electricity  to  be  transported  from  centralized 
generation  to  the  end-user. 

This  research  has  been  performed  to  assist  local  authorities  in 
Serbia  to  develop  microgrids  that  reduce  the  C02  emission  at  minimal 
abatement  costs.  Although  technically  developed  and  welcomed  by 
national  and  EU  legislative  and  politically  accepted  by  local  authorities, 
the  microgrids  are  far  from  the  realization,  stuck  at  the  first  step  - 
planning.  Without  a  clearer  economic  prospective  of  different  micro¬ 
grid  configuration  options  in  a  decentralized  planning  approach,  good 
investment  decisions  could  not  be  made.  Alternative  configuration 
options  should  be  explored  and  clearly  sorted  by  their  environmental 
and  economics  effects.  Such  options  should  be  presented  in  detail 
according  to  the  clearly  defined  sustainable  partnership  programs.  The 
purpose  of  this  research  is  to  develop  a  methodology  for  minimal  C02 
abatement  cost  microgrid  planning  at  the  local  level. 

The  microgrid  on  a  given  voltage  level  (AC  and/or  DC)  is  a  whole 
consisted  of  distributed  generation,  energy  storage,  different  end- 
user  categories  and  appropriate  infrastructure  [1-3],  The  microgrid  is 
part  of  a  smart  grid  that  assumes  a  municipality  and  distribution 
level,  with  a  chosen  electricity  supplier  at  the  transmission  level.  The 
microgrid  concept  is  different  from  the  traditional  distribution  grid  in 
the  way  that  it  is  an  autonomous  and  controllable  entity  that  works 
independently  or  connected  within  a  national  energy  system  wide 
smart  grid  [1],  Thus  the  municipal  microgrid  could  be  connected  to 
the  transmission  network  and  with  or  without  generation  based  on 
fossil  fuel  energy  sources  [4],  Distributed  generation  enables  a 
municipal  level  microgrid  to  be  autonomous  [5,6],  to  increase  its 
reliability  [7],  and  robustness  [8]  and  unburden  the  transmission  grid 
[1,3],  The  operation  of  distributed  generation  could  decrease  local 
authorities  peak  demands  to  the  transmission  grid  and  associated 
capacity  payments  [1], 

Besides  its  benefits,  the  operation  of  microgrids  has  been  followed 
by  issues  [9],  e.g.  island  mode  operation  [7],  fault  detection  [10],  etc. 
Those  issues  could  be  detected  in  the  current  pilot  microgrid  projects 
that  are  developed  worldwide  [2],  in  the  U.S.  [9],  Europe  [7],  Iran  [8], 
but  also  in  FYR  Macedonia  [11]  and  Hungary  [12],  It  is  difficult  to 
quantify  the  bounds  of  the  microgrid  term  [13]  because  the  focus  is 
not  on  the  size  but  on  its  localization  [14]  and  on  the  level  of 
autonomous  operation  to  the  transmission  grid. 

A  review  of  Serbian  energy  policy  has  been  done  in  [15],  but 
without  a  conclusion  about  how  this  should  be  implemented  at 
the  local  level.  According  to  Serbian  Energy  Law  from  2011  [16], 
autonomous  provinces  and  local  authorities  are  obliged  to  include 
energy  demand  in  their  development  planning,  as  well  as  terms  of 
securing  sufficient  energy  capacities  in  accordance  to  [17]  current 
Energy  strategy  of  Serbia  and  the  action  plan  until  2015  [18].  To 
increase  the  usage  of  renewable  energy  sources,  National  Renew¬ 
able  Energy  Action  Plan  (NREAP)  will  be  realized  through  the 
development  of  distributed  network  for  smaller  distributed  gen¬ 
eration  [19].  According  to  the  law,  the  jurisdiction  of  the  local 
authorities  are  small  distributed  generators  and  storage  until 
1  MW,  especially  in  the  heating  sector  where  decentralized  plan¬ 
ning  is  more  welcomed  through  the  communal  activity.  Therefore 
municipalities  in  Serbia  are  responsible  for  their  energy  policy  and 
free  to  join  sustainable  partnership  programs  accepting  their 
binding  targets  and  time  dynamics. 

Joining  the  mainstream  European  movement,  Covenant  of 
Mayors  [20],  local  and  regional  authorities,  are  committed  to 
increasing  energy  efficiency  and  use  of  renewable  energy  sources 
on  their  territories  with  a  goal  to  reduce  current  C02  emissions  for 
more  than  20%  to  2020.  Committed  to  reduce  greenhouse  gas 
emissions  at  their  source,  proclamated  in  Climate  Alliance  [21], 
local  authorities  are  accepting  the  goal  of,  50%  reductions  until 
2030  of  their  emissions  from  1990,  plus  10%  every  fifth  year 
afterwards. 


Covenant  of  Mayors  signatories,  among  5471,  in  2011  and  2012, 
were  seven  Serbian  local  authorities:  Temerin,  Titel,  Zabalj,  Zren- 
janin,  Nis,  Vranje  and  Varvarin  [22].  However,  they  have  not 
developed  their  action  plans  on  how  to  meet  those  reduction 
goals  and  they  are  now  “on  hold”,  since  the  deadline  has  passed 
[23].  Two  new  municipalities,  Ivanjica  and  Kula  signed  in  2014. 

Another  problem  for  the  development  of  renewable  energy 
projects  is  the  unwillingness  of  local  authorities  and  citizens  to 
tackle  these  problems  and  make  energy  policy  decisions  [24], 
although  energy  related  individual  consumption  is  not  an  insig¬ 
nificant  part  (17.3%)  of  available  household  budget  in  Serbia  [25], 

The  decentralized  planning  approach  has  advantages  over  the 
centralized  one,  observing  the  complexity  of  the  decision  making 
process,  investment  reasons  and  current  project  realization  record 
for  Serbia  [26],  Local  authorities  and  citizen  participation  in  smaller 
projects  [27],  based  on  bottom  up  strategy  for  delivering  renewable 
energy  [28],  is  a  key  for  good  decision  making  and  decision  viability 
[5],  in  addition  to  administrative  procedures  that  are  shorter  compar¬ 
ing  to  the  strategic  decisions  on  the  national  level.  Investment 
reasons  in  line  to  the  decentralized  approach  have  higher  availability 
of  smaller  credit  lines  [29],  in  comparison  to  big  projects  that  can  be 
financed  only  by  leading  world  financial  institutions  in  a  highly 
competitive  environment. 

Current  project  realization  record  of  renewable  energy  project 
has  been  under  2  MW  per  project.  In  Germany,  50%  of  the  realized 
renewable  projects  are  owned  by  individuals  and  97%  in  solar 
photovoltaic  [30], 

Decentralized  planning  is  needed  for  the  full  separation  of  the 
state-owned  generation  company  into  generation,  transmission, 
and  distribution  entities.  According  to  the  Energy  Law  amend¬ 
ments,  the  wholesale  competition  and  third  party  access,  have 
been  scheduled  for  mid  2014  in  Serbia  [16],  The  third  party  access 
to  the  distribution  level  should  be  done  first,  particularly  when 
there  are  payment  problems  [31].  The  decentralized  planning  at 
regional  and  local  authorities  levels  [32-36],  is  desirable  since  it 
postpones  investment  in  the  grid  infrastructure  through  the 
rethinking  of  supply  options  [5,37]  and  saves  distribution  losses 
[38],  The  decentralized  planning  has  been  achieved  so  far  in 
Europe  (Italy,  Slovenia,  Austria  and  Germany,  etc),  the  U.S.  [5,6], 
and  in  Japan  ,  [10]as  well  as  has  practiced  in  developing  countries. 
Typically  the  method  of  linear  programming  under  constraints  has 
been  used  for  sizing  and  configuration  of  the  decentralized 
generation  [4,39],  Mostly,  the  usage  of  fossil  fuels  [40]  or  levelized 
costs  of  electricity  have  been  minimized  [41,42], 

HOMER  [43]  is  a  widely  used  [44]  and  free  DG  planning 
simulation  tool,  which  gives  priority  to  a  variable  renewable 
energy  source  in  dispatch,  taking  into  account  the  operating 
reserve  [43,44],  This  tool  considers  different  investment  alterna¬ 
tives  in  electricity  and  heat  generation  and  moderation  (transport 
demand  is  not  included)  in  order  to  meet  the  given  yearly  demand 
at  minute  to  hour  level.  HOMER  helps  in  feasibility  assessments 
and  significantly  simplifies  profitability  assessment  of  a  microgrid 
from  the  view  of  the  local  authority  [14], 

The  optimization  goal  is  the  minimization  of  total  (investment  and 
operative)  net  present  costs  on  the  project  lifetime,  discounted  to  the 
present.  This  is  a  combinatorial  search  optimization  problem,  which 
can  be  solved  by  heuristics  of  genetic  algorithm  [45].  Decision  variables 
of  the  model  could  be  the  size  and  number  of  generators,  moderators 
(batteries  and  other  storage)  and  converters  of  the  microgrid. 

Constraints  in  the  model  are  technical,  economical  and  regula¬ 
tory,  e.g.  the  emission  cap  or  share  of  renewable  energy  sources  in 
the  gross  final  electricity  consumption  [46].  After  the  simulation 
and  optimization,  HOMER  tool  can  be  used  for  the  sensitivity 
analysis  to  every  input  variable  or  constraint.  For  the  sensitivity 
analysis,  multiple  simulations  based  on  different  values  for  each 
variable  within  the  model  were  performed. 
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HOMER  tool  has  been  used  for  optimal  planning  of  a  microgrid 
[4,8,46],  grid  parity  assessment  of  photovoltaic  (PV)  -  battery 
microgrid  in  the  U.S.  [47],  also  for  the  sensitivity  analysis  to  input 
variables,  average  wind  speed  and  storage  size,  in  Canada  [48], 
Besides,  it  was  applied  to  input  variables,  fuel  price  and  wind 
parameters,  C02  tax  and  regulatory  constraints,  as  well  as  the 
share  of  a  renewable  energy  source  in  electricity  production 
[49,50],  In  the  article  [51],  humanitarian,  technical  and  economic 
benefits  of  solar  PV  systems  are  proven  for  a  remoted  hospital 
microgrid.  The  cost  effectiveness  of  the  isolated  grid  in  rural 
electrification  solutions  based  on  hybrid  renewable  energy  system 
in  Serbia  and  in  Malaysia  has  been  shown  [37,52], 

In  this  article,  the  sensitivity  analysis  of  energy  costs  against 
the  regulatory  C02  emission  reduction  constraints  for  microgrids  is 
performed.  In  comparison  to  buying  the  electricity  from  a  national 
mix  of  transmission  grids,  C02  emission  reductions  are  achieved 
by  developing  the  distributed  generation  by  local-authority  opti¬ 
mal  investment  planning.  Reductions  are  based  on  supply  side 
measures,  not  on  the  end-user  energy  efficiency  neither  the 
transport  sector.  The  optimal  equipment  consideration  for  optimal 
sizing  and  configuration  of  a  local  authority  microgrid  has  been 
based  on  the  minimization  of  total  NPC  under  constraints. 

The  main  contribution  of  the  proposed  planning  approach  is 
that  it  gives  clear  economic  and  environmental  merits  of  the 
microgrid  configurations  that  are  feasible  for  sustainable  partner¬ 
ship  programs,  and  which  are  needed  for  investment  decisions. 


2.  Method 

Using  the  HOMER  tool,  the  simulation,  optimization  and 
sensitivity  analysis  for  the  local  authorities,  subject  to  the  regula¬ 
tory  C02  emission  reduction  constraint  (see  Table  1)  are  carried 
out.  The  local  authority  microgrid  model  is  based  on  the  historical 
values  of  energy  consumption,  efficiencies,  fuel  emission  factors 
and  heat  values,  as  well  as  on  component  prices  as  input  variables 
[43], 

2.J.  Scenario  development 

To  see  how  levelized  costs  of  energy  increase  with  the  sustain¬ 
able  local  authority  microgrid  development  under  C02  constraints, 
two  scenarios  were  compared: 

•  Base  scenario  assuming  that  the  local  authority  electricity  load 
(Primary  Load  1)  has  been  met  through  the  transmission  grid 
and  Thermal  Load  of  the  natural  gas  fired  boiler. 

•  Microgrid  development  scenario  with  addition  of  distributed 
generation  plants  e.g.  micro  CHP,  Hydro,  wind  (Vestas  V82)  and 
solar  PV. 


Table  1 

Emission  reduction  levels  and  total  emissions  in 
developed  microgrid  scenario. 


Reduction  C02  [%] 

Total  emission  C02  [kg/yr] 

0  (Base  scenario) 

32,101,560 

10 

28,891,404 

20 

25,681,248 

30 

22,471,092 

40 

19,260,936 

50 

16,050,780 

60 

12,840,624 

70 

9,630,468 

80 

6,420,312 

90 

3,210,156 

97 

963,047 

2.2.  Economic  modeling 

Economics  play  an  integral  role  both  in  HOMER's  simulation 
process,  wherein  it  operates  the  system  so  as  to  minimize  total 
NPC,  arbitrarily  given  preference  over  NPV  metrics  by  HOMER 
developers,  and  in  its  optimization  process,  wherein  it  searches  for 
the  system  configuration  with  the  lowest  total  NPC  [53].  The  total 
NPC  condenses  all  the  costs  and  revenues  that  occur  within  the 
project  lifetime  into  one  lump  sum  in  today's  Euros  (€),  with 
future  cash  flows  discounted  back  to  the  present  using  the 
discount  rate  [53],  HOMER  uses  Eq.  (1)  to  calculate  the  total  NPC: 

Cnpc  =  Cann  [ot/CRF(i,  Rproj )  (i) 

where  Cann  tot  is  the  total  annualized  cost,  i  is  the  annual  real 
interest  rate  (the  discount  rate),  Rproj  the  project  lifetime,  and  CRF 
( x )  is  the  capital  recovery  factor,  given  by: 

CRF(i ,  N)  =  i(l+  i)N/((l  +  i)N  - 1 )  (2) 

where  N  is  the  number  of  project  lifetime  years. 

The  total  NPC  of  a  microgrid  system  is  the  present  value  of  all 
the  costs  that  it  incurs  over  its  lifetime,  minus  the  present  value  of 
all  the  revenue  that  it  earns  over  its  lifetime.  The  total  NPC 
includes  the  costs  of  initial  construction,  component  replace¬ 
ments,  maintenance,  fuel,  plus  the  cost  of  buying  power  from 
the  grid,  and  miscellaneous  costs  such  as  penalties  resulting  from 
pollutant  emissions.  Revenues  include  income  from  selling  power 
to  the  grid,  plus  any  salvage  value  that  occurs  at  the  end  of  the 
project  lifetime.  To  calculate  the  salvage  value  of  each  component 
at  the  end  of  the  project  lifetime,  HOMER  uses: 

S  =  CrepRrem/Rcomp  (3) 

where  S  is  the  salvage  value,  Crep  is  the  replacement  cost  of  the 
component,  Rrem  is  the  remaining  life  of  the  component,  and  Rcomp 
is  the  lifetime  of  the  component.  The  total  operation  and  main¬ 
tenance  (O&M)  cost  of  the  system  is  the  sum  of  the  O&M  costs  of 
each  system  component.  The  grid  08iM  cost  is  equal  to  the  annual 
cost  of  buying  electricity  from  the  grid  (energy  cost  plus  fixed 
demand  cost)  minus  any  income  from  the  sale  of  electricity  to  the 
grid.  HOMER  uses  Eq.  (4)  to  calculate  the  levelized  costs  of  energy: 

COE  =  (Cann  tot  —  CboilerEthermall/iEprim-FFcief-i-EgTid sales)  (4) 

where  Cann  tot  is  the  total  annualized  cost,  choi(er  is  the  boiler 
marginal  cost  [€/kWh],  E[hermai  is  the  total  thermal  load  served 
[kWh/yr],  Eprim  and  Edef  are  the  total  amounts  of  primary  and 
deferrable  load,  respectively,  that  the  system  serves  per  year 
[kWh/yr],  and  Egrid-saies  is  the  amount  of  energy  sold  to  the  grid 
per  year  [kWh/yr]. 

Eq.  (4)  is  based  on  arbitrary  decisions  made  by  HOMER  developers: 

1.  To  isolate  that  portion  of  the  total  annualized  cost  that  reflects 
the  cost  of  producing  electricity  (as  opposed  to  producing 
heat),  it  is  decided  to  subtract  from  the  total  annualized  cost, 
the  product  of  the  boiler's  marginal  cost  and  the  total  annual 
thermal  load. 

2.  To  use  the  amount  of  electric  load  the  system  actually  serves, 
rather  than  the  total  electric  demand,  in  calculating  the  total 
amount  of  useful  electricity  produced  by  the  system.  The  two 
are  not  necessarily  the  same  if  the  user  allows  some 
unmet  load. 

3.  To  include  the  amount  of  electricity  sold  to  the  grid  in  the  total 
useful  electrical  production. 

This  has  positive  outcomes  to  the  decentralized  generation 
economic  viability,  especially  CHP  since  heat  energy  production 
was  observed.  Thus,  in  its  optimization  process,  HOMER  ranks  the 
system  configurations  according  to  NPC  rather  than  levelized  costs 
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of  energy.  The  economic  benefit  for  the  consumer  is  obtained  from 
the  fact  that  local  authority  generation  could  be  economically 
preferable  as  opposed  to  buying  it  from  the  grid.  Moreover,  the 
economic  parameters  of  interest  for  decision-making  and  the 
mentioned  sensitivity  analysis  are: 

•  Total  Capital  Cost,  which  is  the  sum  of  the  initial  capital  costs 
for  components  at  the  beginning  of  the  project,  and 

•  return  on  investment  [%]  given  by 

ROI  =  (Rh  —Rq)/(NRo)  (5) 

where  R0  is  the  revenue  at  the  beginning  of  the  project  [€], 
negative  by  the  rule,  RN  is  the  revenue  at  the  end  of  the  project 
[€],  positive  by  the  rule,  and  N  is  the  project  lifetime  [yr], 

•  The  internal  rate  of  return  [%]  of  the  proposed  microgrid 
system  is  the  discount  rate  at  which  the  base  case  and  current 
system  have  the  same  net  present  cost.  The  decision  to  invest 
should  be  made  if  the  internal  rate  of  return  is  higher  than  the 
annual  real  interest  rate  [54], 

•  The  simple  payback  [yr]  is  the  number  of  years  wherein  the 
cumulative  cash  flow  of  the  difference  between  the  current 
system  and  base  case  system  switches  from  negative  to  positive: 

P  —  (Qnv,  microgrid  ~  C inv ,  basel/(Co&M.  base  —  microgrid )  (®) 

where 


(-inv,  microgrid 

are  microgrid  investment  costs  [€], 

(-inv,  base 

are  base  case  investment  costs  [€], 

(-O&M,  microgrid 

are  microgrid  O&M  costs  [€],  and 

( -O&M ,  base 

are  base  case  O&M  costs  [€]. 

By  the  rule,  base  case  investment  cost  amounts  to  zero  (0),  and 
O&M  are  higher  than  in  the  microgrid  case  because  of  a  lower 
amount  of  purchase  by  the  transmission  network. 

2.3.  Technical  modeling 

2.3.1.  Electric  and  thermal  loading 

The  electric  load  of  the  microgrid  at  the  distribution  level  has 
been  obtained  by  scaling  the  total  Serbian  national  load  to  a 
maximal  hourly  load  of  5665  kW  with  the  load  factor  of  0.6  [55], 
The  scaling  of  the  load  has  been  established  assuming  that  the 
total  microgrid  electricity  consumption  was  of  30  GW  h/yr  from 
the  transmission  grid. 

The  heat  demand  of  the  microgrid  has  been  obtained  from  the 
scaled  heat  demand  of  four  cities  in  Serbia,  according  to  the 
heating  degree  day  methodology,  scaled  to  2500  households  with 


150  kWh/m2,  80  m2.  The  average  daily  heat  demand  is  65  MW  h/ 
day  and  the  peak  load  is  10305  kW  with  the  capacity  factor  of 
0.263  [55],  Heating  degree  days  are  defined  with  regard  to  a  base 
temperature  -  the  outside  temperature  above  which  a  building 
needs  no  heating. 

2.3.2.  Optimal  sizing  and  configuration  of  microgrid 

According  to  the  base  scenario,  the  thermal  load  has  been 
supplied  from  the  natural  gas  fired  district  heating  boiler  rated 
with  the  efficiency  of  70%.  The  electric  load  has  been  supplied  by 
the  electricity  bought  from  the  transmission  grid,  holding  the 
capacity  of  10000  kW,  at  two  scheduled  rates,  2  c€/l<Wh  (0-8  h) 
and  6  c€/l<Wh  (8-24  h),  without  net  metering,  fixed  costs  and 
additional  charges  and  constraints.  With  the  aim  of  planning  an 
optimal  sustainable  microgrid,  the  investment  in  the  following 
plants  has  been  considered  in  addition  to  the  base  case: 

•  Micro  CHP  rated  to  0,  1000,  2000,  and  4000  kW,  with  the 
minimum  load  of  30%,  60000  operating  hours  lifetime  (20  yr 
around  3000  operating  hours),  natural  gas  fired  with  combined 
efficiency  at  73%.  The  capital  costs  and  replacement  costs  of  the 
CHP  plant  are  estimated  at  0.6  €/kW  and  O&M  cost  at  0.01  €/h. 

•  Hydro  rated  to  0  and  2700  kW,  efficiency  of  75%  and  fifty  (50) 
years  lifetime.  Capital  costs  of  the  hydro  plant  are  assumed  to 
1.84  €/l<W; 

•  Wind  (Vestas  V82 )  with  0, 1,  2,  4  and  8  units  type  “Vestas  V82” 
rated  to  1650  kW/unit,  twenty  (20)  years  lifetime,  with  an  80  m 
high  mast  and  the  surface  roughness  length  of  0.25  m  (many 
trees,  few  buildings).  The  capital  costs  of  the  wind  plant  are 
1400  €/kW,  the  replacement  costs  amount  to  900  €/kW  and 
O&M  costs  of  32  €/l<W  per  year; 

•  PV  plant  rated  0, 1000,  2000,  4000,  8000  and  16000  kW,  15  yr 
lifetime,  degrading  factor  of  80%,  fixed  slope  at  32°,  and 
orientation  to  the  South.  The  capital  costs  for  the  PV  system 
(PV  panels,  mounting  hardware,  tracking  system,  control  sys¬ 
tem,  wiring  and  installation)  are  estimated  to  be  740  €/l<W  and 
the  replacement  cost  to  be  400  €/kW. 

The  optimal  equipment  consideration  for  optimal  sizing  and 
configuration  of  a  local  authority  microgrid  has  been  based  on  the 
minimization  of  total  NPC  under  constraints. 


2.3.3.  Resource  constraints 

The  available  resources  at  the  local  level  are: 

•  Solar  resource  with  average  yearly  radiation  of  3.47  kWh/day 
(1040-5770  l<Wh/m2/day,  December  minimum,  July  maximum), 


Table  2 

System  sizing,  configuration  and  economic  parameters  of  investment  in  microgrid  development  scenarios. 


Microgrid  development  scenario 

Hydro 

CHP 

PV 

Vestas 

V82 

Total  capital 
cost 

Total  net 
present  cost 

Levelized  costs 
of  energy 

Internal  rate 
of  return 

Return  on 
investment 

Simple 

payback 

[MW] 

[M€] 

[€/kW  h] 

[%i 

[yr] 

10% 

0 

2 

0 

0 

1.2 

22.8 

0.05 

9.08 

7.63 

9.95 

Covenant  of  mayors  (20%  reductions) 

2.7 

0 

0 

0 

4.9 

22.9 

0.05 

11.7 

9.14 

10.3 

30% 

2.7 

1 

0 

0 

5.5 

23 

0.051 

11.4 

9 

10.3 

40% 

2.7 

3 

0 

0 

6.7 

23.3 

0.052 

10.9 

8.65 

10.4 

Climate  Alliance  (50%  reductions) 

2.7 

4 

1 

0 

8 

23.9 

0.054 

10.1 

7.86 

11.1 

60% 

2.7 

4 

2 

0 

8.7 

24.3 

0.055 

9.67 

7.49 

11.3 

70% 

2.7 

4 

8 

0 

13.2 

26.5 

0.063 

8.26 

6.03 

12.2 

80% 

2.7 

4 

8 

1.65 

12.5 

26.6 

0.064 

8.03 

5.69 

12.9 

90% 

2.7 

3 

16 

0 

18.5 

29.2 

0.073 

7.38 

5.01 

12.8 

97% 

2.7 

2 

16 

1.65 

20.3 

30.6 

0.078 

6.92 

4.4 

13.5 
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obtained  from  NASA  [56]  and  in  line  with  measurements  in  Serbia 

[57], 

•  Wind  resource  with  average  annual  speed  of  3.61  m/s, 

•  Hydro  resource  with  average  annual  flow  of  55  m3/s  and 
biological  minimum  at  1.9  m3/s,  and 

•  Natural  gas  supply  without  constraints. 


2.3.4.  Other  constraints 

The  following  other  constraints  concerned  are: 

•  System  control:  excess  electricity  from  the  microgrid  variable 
renewable  energy  sources  could  be  used  as  a  dump  load  for 
water  heating.  The  microgrid  system  total  generation  could  be 
sized  less  than  the  load  since  it  is  connected  to  the 
transmission  grid; 

•  Emissions:  C02  emission  limitations  are  considered  for  the 
sensitivity  analysis  without  emission  penalties,  while  the 
emission  trade  scheme  is  not  possible  in  the  current  situation; 

•  Economics:  the  project  horizon  is  twenty  five  (25)  years,  with 
the  annual  real  interest  rate  of  10%  without  fixed  system  capital 
and  O&M  costs,  and  capacity  shortage  penalty;  and 

•  Constraints:  in  this  case,  the  operating  reserve  is  the  transmis¬ 
sion  grid.  It  can  supply  enough  reserve  capacity  for  any 
microgrid  development  scenario,  since  it  has  been  designed 
for  the  case  without  distributed  generators. 

2.4.  Simulation,  optimization  and  sensitivity  analysis 

Firstly,  the  total  emission  of  the  local  microgrid  was  calculated 
in  a  simulation  without  emission  constraints  for  the  base  scenario. 
A  feasibility  of  the  system  is  determined  by  the  balance  constraint 
satisfaction  for  each  of  the  8760  h  during  one  year.  During  the 
simulation  HOMER  checks  the  balance  between  the  electricity 
consumption  and  grid  purchase  and  between  the  heat  consump¬ 
tion  and  gas  boiler  production.  For  the  base  case  configuration, 
costs  by  type  have  been  calculated  for  each  microgrid  component, 
discounted  and  summarized  over  the  planning  period.  The  emis¬ 
sion  intensity  of  the  Serbian  electricity  grid  has  been  assumed  to 
be  850  gC02/kWhei  [58,59],  It  is  higher  than  in  the  heat  sector  [60], 
thus  C02  reductions  should  be  focused  on  it.  Main  goal  of  the  base 
case  simulation  was  to  calculate  total  yearly  emissions. 

For  the  sensitivity  analysis,  the  emission  constraints  were  added 
in  the  range  of  0-97%  reductions  ( Emissions ),  and  the  multiple 
simulations  have  been  continued  for  various  microgrid  sizes  and 
configuration  for  each  level  of  the  yearly  emission  constraint  (see 
Table  2).  During  these  simulations  feasibility  of  the  microgrid  system 
was  not  checked  only  for  the  balance  but  also  for  the  emission 
constraint.  In  total  300  feasible  configurations  of  the  municipal 


microgrid,  out  of  350  (7  PV,  5  wind,  5  micro  CHP  plant  sizes  with 
or  without  hydro  power  plant)  were  simulated  11  times  for  different 
emission  constraints,  counting  in  total  3300  simulations.  In  those 
simulations  the  electricity  excess  production  or  shortage  are  moder¬ 
ated  thought  the  transmission  grid.  Reductions  in  emissions  are 
therefore  calculated  corrected  to  the  possible  positive  and  negative 
balance  with  the  transmission  grid. 

Each  emission  constraint  level  has  optimal  microgrid  size  and 
configuration  with  the  minimal  total  NPC.  The  sensitivity  analysis 
provides  the  microgrid  with  marginal  C02  abatement  costs.  It  is 
expected  that  higher  emission  constraints  will  be  met  through 
higher  investment  costs  and  levelized  costs  of  energy.  An  eco¬ 
nomic  comparison  of  each  developed  microgrid  scenario  is  possi¬ 
ble  using  HOMER  Table  and  Graph  comparison  feature  ( Simulation 
results  >  Compare ). 

3.  Results  and  discussion 

The  levelized  costs  of  energy  increase  from  0.048845  to 
0.078152  €/kWh  for  the  local  authority  microgrid,  based  on  C02 
emission  constraints,  have  been  quantified  in  the  sensitivity 
analysis  in  Fig.  1.  For  the  lower  half  reduction  constraints  (10- 
50%),  slower  increase  in  the  levelized  costs  of  energy  has  been 
observed  for  10%.  However  it  develops  faster  for  emission  con¬ 
straints  in  the  higher  half  (50-97%)  amounting  to  45%. 

The  development  of  a  microgrid  configuration  under  C02 
emission  constraint  can  be  tracked  in  Fig.  2.  This  figure  shows 
plant  types  and  sizes  chosen  to  have  the  minimal  total  NPC  for  the 
certain  C02  emissions  reduction  scenario. 

The  base  case  C02  emissions  of  32101560  kg/yr  could  be 
reduced  by  10%  by: 

•  adding  the  micro  CHP  plant  of  2000  kW,  and 

•  increasing  consumption  of  1654597  m3  natural  gas  in  compar¬ 
ison  to  the  base  scenario. 

A  20%-reduction  in  emissions  could  be  achieved  by: 

•  adding  the  hydro  power  plant. 

A  reduction  of  30%  has  been  achieved  by: 

•  adding  the  hydro  power  plant,  and 

•  adding  the  micro  CHP  of  1000  kW. 

A  reduction  of  40%  has  been  achieved  by: 

•  adding  the  hydro  power  plant  and 

•  adding  the  micro  CHP  of  3000  kW. 


Max.  C02  Emissions  (kg/yr) 


Fig.  1.  Levelized  cost  of  energy  sensitivity  analysis  under  C02  emission  constraints  in  developed  microgrid  scenario. 
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Fig.  2.  Microgrid  distributed  generation  development  scenarios:  (a)  photovoltaic,  (b)  wind  power,  (c)  hydro  power  and  (d)  combined  heat  and  power  plant. 


Further  emission  reductions  of  50%,  accepted  by  the  Climate  60%  of  emission  reductions  have  been  achieved  by: 

Alliance,  have  been  achieved  by: 


•  adding  the  hydro  power  plant, 

•  adding  the  PV  plant  of  1000  kW,  and 

•  adding  the  CHP  plant  of  4000  kW. 


•  adding  the  hydro  power  plant, 

•  adding  the  PV  plant  of  2000  kW,  and 

•  adding  the  CHP  plant  of  4000  kW. 
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70%  of  emission  reductions  have  been  achieved  by: 

•  adding  the  hydro  power  plant, 

•  adding  the  PV  plant  of  8000  1<W,  and 

•  adding  the  CHP  plant  of  4000  kW. 

An  even  higher  emission  reduction  (80%)  has  been  achieved  by: 

•  adding  the  hydro  power  plant, 

•  adding  the  PV  plant  of  8000  kW, 

•  adding  the  CHP  plant  of  4000  kW,  and 

•  adding  the  wind  power  plant  of  1.65  MW. 

Very  high  emission  reductions  (90%)  have  been  achieved  by: 

•  adding  the  hydro  power  plant, 

•  adding  the  PV  plant  of  16,000  kW,  and 

•  adding  the  CHP  plant  of  3000  kW. 

A  significant  emission  reduction  up  to  97%  could  be  achieved 
by: 

•  adding  the  hydro  power  plant, 

•  adding  the  PV  plant  of  16000  kW, 

•  adding  the  CHP  plant  of  2000  kW,  and 

•  adding  the  wind  power  plant  of  1.65  MW. 

The  marginal  C02  abatement  cost  for  the  local  authority 
accepting  the  Covenant  of  Mayors  agreement  (the  building  of  a 
hydro  power  plant)  amounts  to  4.9  M€  and  around  8  M€  (building 
of  a  hydro  power,  CHP,  and  PV  plants)  if  they  join  the  Climate 
Alliance.  Levelized  costs  for  energy  on  the  project  horizon  stand 
for  0.050157  €/l<Wh  and  0.053807  €/l<Wh.  Although  the  scenario 
with  lower  marginal  abatement  costs  in  the  case  of  Convent  of 
Mayors  is  possible  (e.g.  3  M€,  CHP  of  4000  kW  and  PV  plant  of 
1000  kW),  the  levelized  costs  for  energy  in  this  scenario  are  higher 
(0.052  €/kWh). 

The  economic  parameters  for  investments  in  the  developed 
microgrid  scenario  -  return  on  investment,  internal  rate  of 
return,  in  percent,  and  simple  payback  in  years,  are  given  in 
Table  2  for  each  level  of  C02  reduction  constraint  and  for  both 
sustainable  partnership  programs  -  The  Convenant  of  Mayors  and 
Climate  Alliance.  Those  parameters  are  given  in  comparison  with 
the  base  scenario.  The  return  on  investment  is  at  its  highest  with 
the  hydro  power  plant  (11.7%)  and  at  its  lowest  with  the  highly 
C02  constrained  microgrid  (6.92%). 

Both  sustainable  partnership  programs  have  proven  to  be 
profitable  while  the  internal  rate  of  return  is  higher  than  the 
annual  real  interest  rate.  The  simple  payback  time  for  investments 
in  local  authority  microgrids  ranges  from  10  to  13.5  yr,  without 
considering  any  financial  support  mechanism  for  renewable 
energy  e.g.  feed  in  tariff. 

4.  Conclusions 

In  this  article,  a  decentralized  planning  approach  for  the 
optimal  development  of  a  microgrid  for  six  local  authorities  in 
Serbia,  has  been  proposed.  However,  these  projects  stopped  at  the 
first  step  and  are  now  far  from  the  realization  of  their  renewable 
energy  policies.  The  proposed  planning  approach  shows  clear 
economic  and  environmental  merits  of  the  microgrid  configura¬ 
tions  that  are  feasible  for  sustainable  partnership  programs  e.g. 
Convenant  of  Mayors,  and  which  are  needed  for  investment 
decisions.  The  importance  of  such  investment  decisions  is  even 
higher  since  political  and  technical  obstacles  in  Serbia  are 


removed.  The  sustainable  partnership  programs  could  trigger  the 
energy  transition  in  Serbia  from  the  bottom  up. 

The  proposed  simulation  model  is  suitable  for  C02  abatement 
cost  allocation  in  small  local  authorities  (Temerin,  Varvarin,  Zabalj, 
Titel,  Ivanjica  and  Kula)  without  significant  C02  emitting  indus¬ 
tries  and  transport,  or  the  marginal  C02  abatement  costs  are 
assumed  to  be  higher  than  in  the  electricity  production  sector. 
For  every  local  authority  the  minimal  net  present  costs  of  the 
microgrid  development  for  the  satisfaction  of  a  given  C02  emission 
constraint,  can  be  calculated  and  presented  in  detail  based  on  its 
size  and  configuration. 

The  analysis  has  shown  that  natural  gas  micro  CHP  is  the 
optimal  solution  for  both  sustainable  partnership  programs,  while 
they  both  have  been  focused  only  on  C02  reductions,  and  not  the 
increased  share  of  renewable  energy  sources  for  instance.  The 
hydro  power  plant  has  been  a  renewable  solution  of  the  first 
choice,  where  available.  The  CHP  solution  is  less  favorable  when  it 
comes  to  the  higher  (over  50%)  C02  reduction  constraints,  where 
marginal  abatement  costs  in  electricity  production  grow  faster  and 
renewable  energy  sources  should  be  used  significantly. 

Besides  hydro  units,  solar  photovoltaic  plants  show  a  constant 
increase  in  usage  for  the  higher  C02  reductions,  while  wind  units 
are  occasionally  chosen  (one  turbine  or  none).  This  conclusion  is 
based  on  temporal  and  local  assumptions  and  could  be  different 
for  other  case  studies. 

Financial  measures  for  the  increased  use  of  renewable  energy 
sources  should  include  special  funding  in  order  to  ensure  public 
benefit  and  development  (employment,  trade)  at  a  local  level,  and 
C02  reduction  as  a  public  benefit  at  national  level. 

The  proposed  decentralized  planning  approach  can  be  applied 
in  other  countries  and  for  different  sustainable  partnership  pro¬ 
grams  of  the  local  authorities. 
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